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GxxxGIn purple photosynthetic bacteria the initial steps of light energy transduction take place in an RC–LH1
complex formed by the photochemical reaction centre (RC) and the LH1 light harvesting pigment-protein. In
Rhodobacter sphaeroides, the RC–LH1 complex assembles in a dimeric form in which two RCs are surrounded
by an S-shaped LH1 antenna. There is currently debate over the detailed architecture of this dimeric RC–LH1
complex, with particular emphasis on the location and precise function of a minor polypeptide component
termed PufX. It has been hypothesised that the membrane-spanning helical region of PufX contains a GxxxG
dimerisation motif that facilitates the formation of a dimer of PufX at the interface of the RC–LH1 dimer, and
more speciﬁcally that the formation of this PufX dimer seeds assembly of the remaining RC–LH1 dimer (J.
Busselez et al., 2007). In the present work this hypothesis was tested by site directed mutagenesis of the
glycine residues proposed to form the GxxxG motif. Mutation of these glycines to leucine did not decrease
the propensity of the RC–LH1 complex to assemble in a dimeric form, as would be expected from
experimental studies of the effect of mutation on GxxxG motifs in other membrane proteins. Indeed
increased yields of dimer were seen in two of the glycine-to-leucine mutants constructed. It is concluded
that the PufX from Rhodobacter sphaeroides does not contain a genuine GxxxG helix dimerisation motif., bacteriochlorophyll; DDM, n-
, nuclear magnetic resonance;
ate; RC, reaction centre; Rba,
+44 117 3312168.
.
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In purple photosynthetic bacteria the membrane-embedded
photochemical reaction centre (RC) is fed with excitation energy by
an antenna formed by one or more types of light harvesting pigment-
protein [1–9]. In all characterised species the RC forms an “RC–LH1
core complex” through a close interaction with the LH1 antenna
protein, and in some species light harvesting capacity is augmented by
one or more types of peripheral antenna complex termed LH2, LH3
and so on. The structure of the RC–LH1 complex appears to follow a
common general theme in purple photosynthetic bacteria, with the
RC at the centre of a hollow cylinder formed by the LH1 antenna (see
[10] for a review of the relevant literature). The latter is formed from
multiple copies of a basic building block comprising a pair of
membrane-spanning α - and β-polypeptides, each of which binds a
single bacteriochlorophyll (BChl). In some species the LH1 complex
forms a closed cylinder around the RC, with 16 α/β pairs and ring of
32 interacting BChls. In other species the number of α/β pairs islower, with the result that the cylinder of LH1 pigment–protein is
incomplete (e.g. see [11]).
In the case of Rhodobacter (Rba.) sphaeroides, the most heavily
studied purple photosynthetic bacterium, a combination of cryo-
electron microscopy (cryo-EM), atomic force microscopy (AFM) and
biochemical studies has shown that the RC–LH1 complex assembles in
a dimeric form that has a two-fold symmetry [8,12–17]. As a result the
two RCs give the appearance of being surrounded by an S-shaped LH1
antenna in cryo-EM or AFM images of 2-D crystals or intact
membranes [8,12,14–16]. Single particle cryo-EMhas further revealed
that the two halves of the dimer are tilted relative to one another in
the plane of the membrane [18], accounting for the tubular
architecture of photosynthetic membranes in strains where the LH2
peripheral antenna is absent [18], and in part accounting for the
spherical architecture of membranes inwild-type strainswhere LH2 is
present [14,19,20]. Mild detergent extraction and sucrose fraction-
ation of RC–LH1 complexes has also indicated the presence of a
monomeric form of the complex [13,16], and AFM data have indicated
that a fraction of the RC–LH1 complexes in intact membranes is
monomeric [14]. Schematics of the two forms are shown in Fig. 1A; in
the monomeric form an open C-shaped aggregate of LH1 partially
surrounds the RC. In Rba. blasticus, where the RC–LH1 complex is also
largely dimeric, the proportion of monomers in the membrane has
been estimated at ~25% [21].
In the absence of atomic-resolution structural information on the
Rba. sphaeroides RC–LH1 complex there has been much speculation
Fig. 1. Schematics of the Rba. sphaeroides RC–LH1 complex and the sequence of PufX. (A) Monomeric and dimeric forms of the RC–LH1 complex viewed from the cytoplasmic side of
the membrane. Dashed lines indicate the BChls of the LH1 antenna; these are oriented in an incomplete ring with the planes of their macrocycles arranged perpendicular to that of
the membrane. In the presence of PufX the ring of LH1 pigment protein surrounding the RC is incomplete in both dimers and monomers, but on removal of PufX through gene
deletion the complex assembles with a complete ring of LH1 surrounding the RC, and the dimeric form is no longer observed. (B) Proposals as to the location of PufX in the dimeric
RC–LH1 complex (see text). (C) Alignment of known PufX sequences between the fully conserved residues Gly X29 and Gly X51. This alignment is identical to the central portions of
alignments published previously [10,58]. The location of the proposed and alternative GxxxG motifs in the Rba. sphaeroides PufX is shown.
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and the role played by a minor component of the complex termed
PufX. This has included speciﬁc proposals as to the role of individual
amino acid residues in the PufX protein that can be tested through
site-directed mutagenesis.
In ﬁve characterised species of Rhodobacter the pufLM genes
encoding the L- and M-polypeptides of the RC are followed by a gene
termed pufX that encodes a polypeptide of between 75 and 83 amino
acids (see [10] for a review). Studies of Rba. sphaeroides and Rba.
capsulatus have shown that this polypeptide forms part of the RC–LH1
complex at a stoichiometry of one PufX per RC [13,22]. Gene deletion
studies have shown that PufX is required for photosynthetic growth of
the organism [23–25]. Deletion of pufX also leads to a loss of the
dimeric form of the RC–LH1 complex [13,15,26], and the resulting
PufX-deﬁcient monomeric RC–LH1 complexes show a change in
absorbance spectrum that indicates that the complex has a higher
than normal complement of LH1 BChls and, by extension, pairs of α-
and β-polypeptides [13,27–29]. It has been established that the LH1
pigment protein forms a closed ring around the central RC in the
absence of PufX [15,26], in contrast to the open, incomplete ring
present in the monomeric form of the PufX-containing RC–LH1
complex (see schematics in Fig. 1A). The properties of PufX have been
reviewed in depth [10]; it is believed to contain a central membrane-
spanning α-helix, and two nuclear magnetic resonance (NMR)
structures of the isolated PufX in organic solvent have been deposited
in the Protein Data Bank (PDB). In one of these structures (PDB ID:
2DW3 [30]) the central region of the protein forms a straight helixsome 41 amino acids in length, whilst in the other structure (PDB ID:
2NRG [31]) the same region forms a bent helix (Fig. 2).
Two schematic models of the structure of the dimeric Rba.
sphaeroides RC–LH1 complex have emerged in recent years that differ
with respect to a number of details, most notably the proposed
locations of the two PufX polypeptides present in each dimer (Fig. 1B).
In one model, based partially on data from cryo-EM of 2D crystals of
the Rba. sphaeroides complex [32], the PufX proteins are located at
each end of the S-shaped LH1 antenna, between the inner α-
polypeptides and the RC (model-I in Fig. 1B). The alternative model
is based on cryo-EM of 2D crystals of dimeric Rba. sphaeroides RC–LH1
complexes [16] and AFM of the dimeric RC–LH1 complex from Rba.
blasticus [21]. In this model the two PufX polypeptides are proposed to
reside at the dimer interface, forming the waist of the S-shaped LH1
antenna (model-II in Fig. 1B).
In a recent development, Busselez and coworkers have proposed
that formation of a dimeric Rba. sphaeroides RC–LH1 complex of the
type represented by model-II is seeded by formation of a dimer of
PufX polypeptides, and that this dimerisation is facilitated by a GxxxG
structural motif in the putative membrane-spanning α-helix of PufX
[33]. This feature, involving Gly X31 and Gly X35, is indicated in an
alignment of known PufX sequences in Fig. 1C. The GxxxG motif was
ﬁrst identiﬁed in studies of dimerisation of the erythrocyte protein
glycophorin A [34,35], and has since been shown to facilitate
dimerisation of a number of integral membrane proteins [36,37].
Fig. 2 shows a view of an NMR structure of a dimer of the membrane-
spanning α-helix of glycophorin A (PDB ID: 1AFO [38]), highlighting
Fig. 2. Location of relevant Gly residues in PufX and a dimer of glycophorin A. The
positions of the α-carbons of Gly X31, X35 and X39 in the two available NMR structures
for PufX (left and middle) are indicated by the grey spheres. Only the helical region of
the protein is shown, as a backbone ribbon. The positions of the Gly residues that form
the GxxxGmotif in a dimer of glycophorin A (right) are also highlighted. The Figure was
drawn using PyMOL [59], and PDB entries 2DW3 [30], 2NRG [31] and 1AFO [38].
1814 L.I. Crouch et al. / Biochimica et Biophysica Acta 1797 (2010) 1812–1819the Gly residues that facilitate the helix–helix interaction. Views of the
two published NMR structures of the Rba. sphaeroides PufX are also
shown with the two Gly residues that form the G31xxxG35 sequence
highlighted. The relevance of Gly X39, also highlighted in Fig. 2, is
addressed below.
In support of their proposal that a dimer of PufX helices seeds
dimerisation of the whole RC–LH1 complex, Busselez and co-workers
have pointed out that the RC–LH1 complex in Rba. veldkampii is
monomeric, the equivalent sequence being G31xxxV35 (see Fig. 1C)
[33,39,40]. Furthermore, the feasibility of the proposal has been tested
in a recent report by Hsin and co-workers, in which molecular
dynamics simulations on PufX structure 2DW3 (see above) estab-
lished that the Rba. sphaeroides PufX will form dimers facilitated by
the G31xxxG35 sequence in silico [41]. Themembrane-spanning helices
of the two PufX polypeptides in the dimerwere orientedwith a crossing
angle of −38 ° [41], similar to the −40 ° observed experimentally for
glycophorin A [38]. Hsin and co-workers further showed that a pair of
PufX polypeptides tilted at amutual angle of−38 ° would be consistent
with an overall bent architecture for the RC–LH1 complex, and that
changingGlyX35 toValweakened the in silico interactionbetween PufX
monomers, consistent with the proposal that the RC–LH1 complex in
Rba. veldkampii ismonomeric due to the lack of the G31xxxG35 sequence
[33].
The hypothesis that the interface between monomers in the Rba.
sphaeroides RC–LH1 complex is formed by two PufX proteins
interacting via a GxxxG motif is an attractive one, and would seem
to rule out a structure for the RC–LH1 complex that locates the
membrane-spanning helices of PufX at either end of the LH1 antenna
(model-I in Fig. 1B). However, as pointed out in a previous report [10],
the hypothesis does not account for the presence of dimeric RC–LH1
complexes in Rba. blasticus [21]. In this species the equivalent
sequence is F31xxxV35 (Fig. 1C), and there is no GxxxG sequence
anywhere else in the PufX from this species.
As demonstrated in the original work on the GxxxG motif in
glycophorin A [34,35], and in a range of subsequent studies, one way
to test the role of a putative GxxxGmotif is to replace either Gly with a
larger residue such as Leu. In the present case, one might expect
replacement of either Gly X31 or X35 by Leu to disrupt the formation
of dimers if the proposal outlined above is correct. Accordingly, in the
work described below we have examined the effects of thesemutations on the ability of the Rba. sphaeroides RC–LH1 complex to
form dimers, on capacity for photosynthetic growth, and on the
spectroscopic properties of dimers and monomers that can be
extracted from photosynthetic membranes using mild detergents.
We have also mutated Gly X39, as a second possible GxxxG motif can
be traced between Gly X35 and Gly X39 in the Rba. sphaeroides PufX
(Figs. 1C and 2). Data obtained on these three Gly-to-Leu mutants are
contrasted with the effects of mutation elsewhere in PufX.
2. Materials and methods
2.1. Site-directed mutagenesis
Mutations were generated using the QuikChange method (Strata-
gene) using plasmid pUCXB-3 as the template [42]. Nucleotide
changes were conﬁned to the target codon and were conﬁrmed by
DNA sequencing (Cogenics Inc.). Altered pufX genes were shuttled
into the broad-host range vector pRKEH10, which is pRK415
containing a ~6.5 kb EcoRI–HindIII restriction fragment that includes
the pufBALMX operon. This was inserted into the Rba. sphaeroides
strain DPF2/G through conjugative crossing [43]. DPF2/G is a variant
of puf operon deletion strain DPF2 [44] that expresses green
carotenoids. Conjugative crossing produced Rb. sphaeroides strains
possessing LH2 and RC–LH1 complexes with the relevant mutation in
PufX, and expressing green carotenoids. Control strains comprised
DPF2/G complemented with a version of the pRKEH10 plasmid either
containing a wild-type copy of pufX (named PufX+g2) or with a
deletion of pufX (named PufX-g2). Other strains are named according
to the mutation carried with the sufﬁx “g2” to denote the presence of
green carotenoids and the LH2 antenna—e.g. GX31Lg2 for the Gly X31
to Leu mutant. Strains were stored as glycerol stocks at −80 °C.
2.2. Bacterial growth
Rba. sphaeroides strains were grown using M22+ medium [43]
supplemented with neomycin and tetracycline [45]. For dark/semi-
aerobic growth starter cultures comprising 10 ml of M22+medium in
a 30 ml universal bottle were inoculated with cells taken from a
glycerol stock and grown for 24 h at 34 °C and 180 rpm in a darkened
orbital incubator. Starter cultureswereused to inoculate 70 ml ofM22+
medium in a 100 ml conical ﬂask, and this intermediate culture was
grown for a further 24 h and used to inoculate 1.5 L ofM22+medium in
a 2 L conical ﬂask. These large volume cultures were incubated for 36 h
and harvested by centrifugation. Photoheterotrophic growthwas carried
out in completely ﬁlled 18 ml screw-top culture tubes incubated at 34 °C
in a glass circulatingwater bath that was illuminatedwith four 100Watt
light bulbs. The inoculum comprised 0.25–1.0 ml of a 70 ml starter
culture grownunder dark/semi-aerobic conditions (see above), added to
give a ﬁnal optical density at 680 nm (OD680) of ~0.1. No tetracycline
was included for photoheterotrophic growth to avoid potential problems
caused by the production of toxic compounds on exposure to light.
Growth in culture tubes was monitored by measuring OD680 using a
colorimeter.
2.3. Preparation and solubilisation of intracytoplasmic membranes
Intracytoplasmic membranes were prepared using a French
pressure cell, as described previously [46]. For detergent extraction,
membrane pellets were suspended in 20 mM HEPES (pH 8) to a ﬁnal
concentration of 60 absorbance units at 875 nm. The photosystem
components were solubilised from membranes by adding n-dodecyl-
β-D-maltoside (DDM) to a ﬁnal concentration of 4% [32]. The mixture
was incubated on ice for 30 min in the dark and membrane debris
removed by centrifugation in a TLA100 ﬁxed-angle rotor at 78,100g
for 1 h at 4 °C.
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Sucrose density gradients composed of ﬁve discrete steps of 20%,
21.25%, 22.5%, 23.75% and 25% (w/v) sucrose in 20 mM HEPES (pH
8)/0.04% DDM were prepared in transparent ultracentrifuge tubes.
Solubilised membrane proteins (150 μl of sample with an absorbance
of 25 at 875 nm) were loaded on to each gradient, and these were
centrifuged in a Sorvall TH-641 swing-out bucket rotor at 180,000g for
20 h at 4 °C. Gradients were analysed in one of two ways.
In the ﬁrst method, samples of individual pigmented bands were
removed in 200 μl aliquots. After dilution where necessary, sodium
ascorbate and phenazine methosulphate (PMS) were added to ﬁnal
concentrations of 1 mM and 25 μM, respectively, to ensure full
reduction of the RC primary donor BChls. Absorbance spectroscopy
of fractions removed from sucrose gradients was carried out on a
Beckman DU 640 spectrophotometer. Data of this type were used for
assessment of the composition of the RC–LH1 complex through
calculation of A875/A802 (see text).
In the second method, absorbance spectra were recorded at 1 mm
intervals along the length of an intact gradient using a PerkinElmer
Lambda35 spectrophotometer ﬁttedwith a ﬁbre optic attachment. For
those spectra corresponding to the coloured bands of RC–LH1
monomers and dimers, the amplitude of the LH1 absorbance band
at 875 nm was plotted as a function of position along the gradient. To
estimate the relative amounts ofmonomer and dimer, RC–LH1 spectra
were separated into monomer and dimer fractions, and the total
amount of monomer and dimer calculated from the sum of the
875 nm absorbance in the component spectra. The amount of
monomer and dimer was then expressed as a percentage of the
total RC–LH1 complex. The gradients used for this type of non-
invasive analysis were constructed from sucrose solutions supple-
mented with sodium ascorbate and PMS at ﬁnal concentrations of
1 mM and 25 μM, respectively.
In both types of analysis, reproducibility was assessed by analysing
at least three sets of sucrose gradients loaded with material derived
from a separate bacterial culture.
3. Results and discussion
3.1. Construction of mutant strains
Mutations of Gly X31, Gly X35 and Gly X39 to Leu were introduced
as described in Materials and Methods, and the properties of the
resulting strains were compared to controls either possessing or
lacking the native pufX. All experiments were carried out using strains
expressing the green carotenoids neurosporene, methoxyneurospor-
ene and hydroxyneurosporene [45]. This was because “green” strains
show less variation in the properties of their photosynthetic
complexes between dark/semi-aerobic and photosynthetic growth
conditions than strains expressing native red/brown carotenoids—
details of these variations will be explored in a future publication.
3.2. Analysis of light harvesting complexes from control strains
Intracytoplasmic membranes were prepared from bacterial cells
grown under dark/semi-aerobic conditions. These growth conditions
were used to allow comparisonwith cells of the PufX-deﬁcient control
strain PufX-g2, which does not grow under standard photosynthetic
conditions. Photosynthetic complexes were extracted from the
intracytoplasmic membranes using 4% DDM, as described in Materials
and methods. The LH2 and RC–LH1 complexes solubilised in this way
were then separated by ultracentrifugation on a sucrose density step
gradient. Images of typical gradients are shown in Fig. 3A. For the
PufX+g2 control strain four main pigmented bands were seen. The
thin green/orange band at the top of the gradient had the spectrum of
carotenoid (data not shown), with no absorbance in the near-infraredindicative of BChl. The dense green band below this had the spectrumof
the LH2 antenna (data not shown)—inmany gradients thiswas resolved
into two closely spaced bands with identical spectra, suggestive of two
populations of LH2 with slightly different densities. The origin of this
difference was not explored, but it should be noted that Gubellini and
co-workers have reported that the LH2 antenna from Rba. veldkampii
also migrates as two bands on sucrose gradients [39]. It has been
proposed that the LH2 in this species is present in two forms with
diameters of either 7 or 12 nm [39].
The remaining two bands were attributable to RC–LH1 monomers
(labelledmon) and dimers (labelled dim) [13,16]. The spectra of these
fractions are shown in Fig. 3B (black)—these spectra have been
corrected for a small amount of background scatter between 650 and
950 nm and normalised to the same absorbance at 804 nm. In both
cases the major band at ~875 nm is attributable to the LH1 BChls with
a small amount of underlying absorbance at 867 nm from the primary
donor BChls of the RC. As the latter band is prone to oxidative
bleaching, all spectra were recorded in the presence of sodium
ascorbate and PMS to eliminate this (see Materials and methods). The
bands at 804 and 760 nm are attributable to the RC, with underlying
absorbance from the blue wing of the LH1 875 nm band. The ratio of
(mainly) LH1 absorbance at 875 nm to (mainly) RC absorbance at
804 nm (A875/A804) was similar for monomers and dimers from the
PufX+g2 strain, at 4.13 and 4.29 respectively (Table 1), indicating a
similar number of LH1 BChls per RC in the two complexes. Given what
is known about the structure of the dimeric form of the RC–LH1
complex, this suggests that in the monomeric form each RC is
surrounded by an incomplete ring of LH1 antenna, as illustrated in
cartoon form in Fig. 1A. The data in Table 1 represent average values of
A875/A804 derived from analysis of at least three sets of sucrose
gradients, with each gradient being loaded with material extracted
from a different batch of bacterial culture. As can be seen from the
standard deviations in Table 1, these values of A875/A804 (and the line-
shapes of the spectra) were highly reproducible for both monomers
and dimers.
To accurately assess the relative amounts of monomer and dimer
resolved on individual sucrose gradients, absorbance spectra were
recorded at 1 mm intervals along the length of gradients using a
spectrophotometer with a ﬁbreoptic attachment. Fig. 4 (right) shows
proﬁle of RC–LH1 complexes in a sample gradient, determined from
the amplitude of the 875 nm band in the spectra recorded for the
monomer and dimer regions. As the line-shapes of these RC–LH1
spectra were essentially invariant for any particular strain, and the
monomer and dimer fractions were well separated on the gradient,
the relative amounts of monomer and dimer could be estimated from
the sum of the 875 nm amplitudes of the spectra recorded for the two
fractions, expressed as a percentage. These data are shown in Table 1,
and again average values were calculated from the analysis of at least
three separate sucrose gradients loaded with material derived from
separate bacterial cultures. This showed that for the PufX+g2 strain,
the RC–LH1 population comprised~51% monomers and~49% dimers
(±~5%).
Regarding the origin of the monomeric RC–LH1 complexes seen on
the PufX+g2 gradients, it is conceivable that they result from breakage
of dimers during extraction of complexes with DDM. However, the
relative amounts of monomer and dimer resolved on sucrose gradients
washighly reproducible between several differentpreparations of cells/
membranes/extractions, and the amount of monomer was not
increased by raising the detergent concentration by a few percent,
extending the incubation time for detergent extraction, or carrying out
the extraction at room temperature (data not shown). In addition, data
from AFM have provided evidence for the presence of monomeric RC–
LH1 complexes in intact membranes [14,21]. Given this, it seems likely
that the relative amounts of monomer and dimer seen on sucrose
gradients is a reﬂection of the relative amounts of the two forms in the
membrane, although this requires more explicit validation.
Fig. 3. Sucrose gradient fractionation of complexes extracted from photosynthetic membranes. (A) Sucrose density gradients, showing bands attributable to (top to bottom) free
carotenoid (crt), LH2, RC–LH1 monomers (mon) and RC–LH1 dimers (dim). (B) Absorbance spectra of RC–LH1 monomers and dimers from these gradients. Spectra have corrected
for a small amount of background scatter between 650 and 950 nm, normalised to the same absorbance at 804 nm for the purposes of comparison, and offset for the purposes of
clarity.
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a loss of dimeric RC–LH1 complexes (see strain PufX-g2 in Fig. 3A and
Table 1), and the spectrum of the resulting PufX-deﬁcient monomers
showed an increase in A875/A802 to ~5.9 (Fig. 3B and Table 1). This
increase in the amount of LH1 absorbance per unit RC absorbance can
be clearly seen in the spectrum presented in Fig. 4B (orange). These
data were consistent with a picture in which a closed ring of LH1
pigment–protein forms around the RC in the absence of PufX, due to
the presence of additional α/β polypeptides and BChls (as shown in
cartoon form in Fig. 1A).
3.3. Analysis of light harvesting complexes from the Gly-to-Leu mutants
Fig. 3A also shows the proﬁle of RC–LH1 complexes extracted from
membranes prepared from strains GX31Lg2, GX35Lg2 and GX39Lg2.
In all three cases the Gly-to-Leu mutation did not lead to a loss of theTable 1
Spectroscopic analysis of RC–LH1 complexes fractionated on sucrose density gradients.
Strain Percentage total population A875/A804
(± SD)a (± SD)a
Monomer Dimer Monomer Dimer
PufX+g2 50.9±4.7 49.1±4.7 4.13±0.21 4.29±0.19
GX31Lg2 46.2±4.5 53.8±4.5 4.13±0.08 4.33±0.11
GX35Lg2 26.3±7.4 73.7±7.4 3.85±0.35 4.42±0.13
GX39Lg2 35.3±10.0 64.7±10.0 4.15±0.24 4.45±0.33
VX49Lg2 81.2±9.8 18.8±9.8 4.49±0.15 4.38±0.45
PufX-g2 100 0 5.86±0.30 –
a Standard deviation (SD) for at least three replicates derived from separate bacterial
cultures.dimeric form of the complex, which would be the expected result if
any of the three residues forms part of a GxxxG motif [34,35]. Indeed,
visual inspection of several sets of gradients of the type shown in
Fig. 3A suggested no signiﬁcant impact of the GX31L mutation on the
relative amounts of monomer and dimer, whereas there seemed to be
a somewhat elevated level of dimer in material from strains GX35Lg2
and GX39Lg2. This impression was borne out by spectroscopic
analysis of the type shown in Fig. 4, that demonstrated a small
increase in the amount of dimer in the GX39Lg2 strain to ~65%Fig. 4. Analysis of the proportion of RC–LH1 monomers and dimers on sucrose density
gradients. Absorbance spectra (not shown) were recorded at 1 mm intervals along the
length of the gradient (left), and the absorbance intensity at 875 nm plotted as a
function of position along the gradient (right). Spectra were split into monomer and
dimer populations, and the proportion of monomer and dimer estimated by summation
of absorbance intensities in the component spectra for each population.
Fig. 5. Growth under photosynthetic conditions. Four cultures were grown in parallel
for each strain (two for the PufX-g2 strain), under the illuminated/anaerobic conditions
described in Materials and methods.
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7%) (Table 1). It was therefore concluded that none of the three Gly-
to-Leu mutations had reduced the propensity of the RC–LH1 complex
to assemble in a dimeric form, or reduced the stability of the dimer on
removal from the membrane. The same conclusion was drawn from
an analysis of complexes extracted from photosynthetically grown
cells (data not shown), and also from equivalent analysis of strains
expressing native red/brown carotenoids (data not shown).
Absorbance spectra of the monomeric and dimeric RC–LH1
complexes isolated from strains GX31Lg2, GX35Lg2 and GX39Lg2
had lineshapes essentially identical to those of the counterpart
complexes isolated from strain PufX+g2 (Fig. 3B). Data on the
relative amounts of LH1 BChl per RC derived from these spectra are
shown in Table 1. The conclusion drawn from these data was that
none of the three mutations had caused a signiﬁcant change in the
composition of either the monomeric or dimeric form.
3.4. Capacity for photosynthetic growth
The ability of the mutant and control strains to grow under
photosynthetic conditions was tested as described in Materials and
methods, with inocula being provided from cultures grown under
dark/semi-aerobic conditions. In line with previous reports [29,47],
the PufX-containing control strain PufX+g2 showed a period of
adaptation from dark/semi-aerobic to photosynthetic growth condi-
tions of around 10 h, followed by exponential growth (Fig. 5).
Photosynthetic growth proﬁles of the GX31Lg2, GX35Lg2 and
GX39Lg2 strains were very similar to those of the PufX+g2 control,
showing that none of the mutations had had a signiﬁcant impact on
the ability of the RC–LH1 complex to support photosynthetic growth
(Fig. 5). Cultures of each strain were always grown in duplicate or
triplicate in individual experiments, and as with the PufX+g2 strain
there was good reproducibility between the parallel cultures. In
contrast, growth of the PufX-deﬁcient PufX-g2 strain occurred only
after a prolonged lag of at least 60 to 70 h, and there was very poor
synchronisation between individual cultures (data not shown). In
previous work it has been shown that this growth of PufX-deﬁcient
strains occurs in response to suppression mutations [48–50]. In the
present case, spectroscopic analysis of such cultures usually indicated
the absence of the LH1 antenna (data not shown), but genetic basis of
this phenotype was not pursued.
3.5. Single point mutations elsewhere in PufX can reduce the relative
amount of RC–LH1 dimers
The conclusion drawn from the experiments described above was
that replacement of either Gly X31 or Gly X35 in the postulated
G31xxxG35 motif by a much bulkier Leu had no effect on the
propensity of the RC–LH1 complex to assemble in a dimeric form.
Mutation of Gly X39, that could form part of alternative G35xxxG39
motif, also had no effect. These ﬁndings argue strongly against the
hypothesis that this sequence facilitates the formation of a PufX helix–
helix dimer [33,41]. This conclusion is returned to below.
Although mutation of these three Gly residues had no negative
impact on the formation of RC–LH1 dimers, as assessed through
detergent extraction and sucrose gradient fractionation, it is certainly
the case that single point mutations in PufX can lower the amount of
dimer relative to monomer. To illustrate this, Fig. 3A shows sucrose
gradient fractionation of complexes isolated from a strain inwhich Val
X49 was changed to Leu (denoted VX49Lg2). As can be seen, the
dimer band obtained in material from this strain was faint compared
to that in the PufX+g2 control, the mutation having brought about a
strong decrease in the relative amount of dimeric RC–LH1 complex to
~20 % (± 10 %) of the total (Table 1). Analysis of the absorbance
spectrum of monomers and dimers extracted from the VX49Lg2 strain
showed no marked alterations in the amount of LH1 relative to the RC(Fig. 3B and Table 1). This indicated that the increase in the relative
amount of the monomeric form of the complex was not due to the
presence of PufX-deﬁcientmonomers, resulting from a decrease in the
expression level of PufX in the membrane. In support of this, Western
blot analysis with anti-PufX antibodies of photosynthetic proteins
extracted from a strain with this mutation showed the presence of
normal levels of PufX (Ratcliffe, E. and Hunter, C.N., personal
communication). The data on the VX49L mutation demonstrated
that a single point mutation in PufX can, in principle, have a
measureable negative inﬂuence on the propensity of the RC–LH1
complex to form dimers. The ﬁnding that a mutation in the
membrane-spanning helical region lowers the amount of dimers
could be taken as supportive of model-II for the placement of PufX in
the RC–LH1 dimer (Fig. 1B). However, it is also possible that
disruption of the membrane-spanning helix could have knock-on
consequences for native interactions of regions of PufX outside the
membrane, and so the result is also not inconsistent with the
arrangement of PufX envisaged in model-I. A more detailed account
of the properties of strain VX49Lg2, and strains with mutations at
other locations in PufX, will be published elsewhere.
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GxxxG dimerisation motif.
The purpose of the work described in this report was to test the
hypothesis that the sequence G31xxxG35 promotes dimerisation of the
membrane-spanning helix of PufX, and this in turn seeds the
formation of the RC–LH1 dimer [33,41]. As outlined above, the data
described in this report argue strongly against this hypothesis. It is
known fromwork donewith glycophorin A that replacement of either
Gly in a GxxxGmotif by a bulky residue such has Leu has a deleterious
effect on dimer formation [34,35]. Given this, and according to the
reasoning presented by Busselez and co-workers [33], mutation of Gly
X35 to Leu should produce the exclusively monomeric conformation
seen for the Rba. veldkampii RC–LH1 complex, but this was not the
case. Also, the presence of dimeric RC–LH1 complexes in Rba. blasticus
cannot be explained by this hypothesis, as the PufX of this species
does not have a GxxxG motif. As can be seen in the alignment
presented in Fig. 1C, the degree of sequence identity between PufX
polypeptides of the ﬁve characterised species of Rhodobacter is
extremely poor, and the equivalent sequence in Rba. blasticus is
FxxxV. Given what is known about the destructive effects of
replacement of one or both Gly residues on membrane protein
interactions mediated by a GxxxG motif, we conclude that it is very
unlikely that the role of Gly X31/X35 or Gly X35/X39 is to promote
dimerisation of the membrane-spanning helix of PufX through this
mechanism. To the contrary, mutation of either Gly X35 or Gly X39 to
Leu had a tendency to increase the relative amount of dimer in the
experiments described above.
A further point to note is that successful modeling of a PufX dimer
has only been achieved with the NMR structure of PufX of Wang and
co-workers [30], in which PufX adopts an extended conformation
with a central, straight α-helix between Asn X13 and Met X53 (Fig. 2,
left). This straight 41 amino acid helix is somewhat longer than would
be required to span the membrane, even if tilted by ~20° relative to
the membrane normal (i.e. tilted by half the crossing angle of a
GxxxG-mediated helix dimer). An alternative NMR structure for PufX
has been published by Tunnicliffe and co-workers [31] in which this
α-helix has a ~120° bend that would allow all 41 amino acids of the
helix to reside in the ~40 Å span of a membrane. Hsin and coworkers
did not investigate whether two PufX proteins with this bent
conformation could still interact via Gly X31 and Gly X35 to form a
dimer in silico, but Busselez and co-workers reported that it was not
possible to model a PufX dimer using the structure of Tunnicliffe and
co-workers [33]. As can be seen from the models presented in Fig. 2,
Gly X31 and Gly X35 are located on the outside of this ~120° bend,
which would perhaps explain why it has not been possible to model a
GxxxG-mediated dimer using this PufX structure.
3.7. Perspective—Insights into the alternative models for the dimeric
Rhodobacter RC–LH1 complex.
As outlined in the Introduction and Fig. 1, two models for the
dimeric Rhodobacter RC–LH1 complex have emerged that differ
markedly in the assigned location of PufX. A logical consequence of
the proposal that PufX forms a helix–helix dimer through a GxxxG
motif would be to rule out a structure for the Rba. sphaeroides RC–LH1
complex as depicted by model-I, with the helical regions of the two
PufX proteins well separated. As demonstrated above, the fact that
neither GxxxG sequence appears to be a genuine helix dimerisation
motif means that model-I is not in fact invalidated by the presence of
the sequence GxxxGxxxG in the Rba. sphaeroides protein. This said, it
should be stressed that our ﬁndings do not necessarily argue against
the model-II for the RC–LH1 complex, that places two PufX
polypeptides in close proximity at the dimer interface (Fig. 1B). This
is because it is possible that the helices of two PufX proteins could
interact closely by some mechanism other than a GxxxG motif.As discussed in a previous publication [10], a possible source of the
competing models for the dimeric Rhodobacter RC–LH1 complex
might be species differences between Rba. sphaeroides and Rba.
blasticus. Although both species have a dimeric RC–LH1 complex, this
does not necessarily mean that the structures have to be identical.
Close scrutiny of the proposed structural models for Rba. sphaeroides
[32] and Rba. blasticus [21] dimers shows not only differences in the
putative location of PufX, but also in the putative orientation of the
RCs relative to the long axis of the dimer (see [10] for a discussion).
One possible indication that the structure of the RC–LH1 dimermay be
different in the two species is the different architectures exhibited by
their photosynthetic membranes. In Rba. sphaeroides the photosyn-
thetic apparatus is housed in near spherical invaginations of the
cytoplasmic membrane [51,52], the so-called chromatophores [53],
that are around 50–70 nm in diameter. It has been proposed that the
observed ~34° tilt of the two halves of the Rba. sphaeroides RC–LH1
dimer relative to one another contributes to the curvature of the
chromatophore membrane [18]. Furthermore, in the absence of the
peripheral LH2 antenna this tilted RC–LH1 dimer leads to the
formation of tubular membranes with a diameter of~35 nm [18]. In
contrast, evidence from thin section EM indicates that the photosyn-
thetic membrane in Rba. blasticus is lamellar, forming one or more
layers arranged parallel to the cytoplasmic membrane [54,55]. A
possible consequence of this difference could be that the structure of
the Rba. blasticus RC–LH1 dimer does not exhibit the tilt seen in the
Rba sphaeroides complex, as it is required to populate a largely ﬂat
membrane rather than a highly curved one. This would suggest
signiﬁcant differences in detailed structure of the dimeric RC–LH1
complex, particularly at the monomer–monomer interface.
As far as we are aware, this difference in membrane architecture
between Rba. sphaeroides and Rba. blasticus has not previously been
discussed in the context of the structure of the RC–LH1 complex. In
1984, Imhoff, Truper and Pfennig proposed a rearrangement of species
within the purple non-sulphur bacteria that moved the then
Rhodopseudomonas (Rps.) sphaeroides, capsulatus, azotoformans and
veldkampii into a new genus termed Rhodobacter [56]. However Rps.
blastica (as then named) was retained in the genus Rhodopseudomo-
nas because, unlike the other four species, it did not possess vesicular
membranes [56]. Rps. blastica was subsequently reclassiﬁed as a
Rhodobacter on the basis of a phylogenetic tree constructed from 16 S
rRNA sequences [55] and this reclassiﬁcation is consistent with
subsequent genetic studies [57,58]. Thus it would appear that
although Rba. sphaeroides and Rba. blasticus are closely related within
the same genus, they exhibit marked differences in the architectures
of their photosynthetic membranes. On a cautionary note however, in
their report describing a model for the Rba. blasticus RC–LH1 based on
AFM of membranes from this species, Scheuring and co-workers
described the membranes used for imaging as being uniformly small
chromatophores that were~50 nm in diameter. This description of the
photosynthetic membrane of Rba. blasticus is at odds with previous
reports of lamellar membranes in this species [54,55], for reasons that
are not clear.
To close, one possible way of discriminating between model-I and
model-II for the Rba. sphaeroides RC–LH1 complexmight be to identify
which regions of the PufX protein most strongly disfavour the
formation of dimers. We are currently carrying out more extensive
mutagenesis to examine how different parts of PufX impact on the
ability of the RC–LH1 complex to assemble as a dimer, and throw light
on the actual location of PufX in the dimer.
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